
シアノトキシンに関する情報提供

京都大学大学院 工学研究科

浅田安廣

1

水道における微生物問題検討会
2023年12月8日(金)

TTUZB
テキスト ボックス
資料２



令和4年3月、更新されたWHO 飲料水水質ガイドライン第4版（第1及び第2
補遺を含む）を公表

WHO飲料水水質ガイドライン第４版の更新

シアノトキシンに関連する変更点

Microcystin-LR → Total Microcystins＊ に変更
＊Totalとは、多様なMicrocystinを全て合わせたという意味

Cyanobacterial toxinsとしてanatoxin-a variants 、Cylindrospermopsins、
Saxitoxinsのガイドライン値の追加

Cyanobacterial toxinsに対して短期ガイドライン値を設定

2



シアノトキシン（ガイドライン値）
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MCs CYNs ATXs STXs
(μg/L)

AL1 1 0.7 3 0.3
(lifetime pGV) (lifetime pGV) (1/10 of AL2) (1/10 of AL2)

AL2 12 3 30 3

(short-term
pGV)

(short-term
pGV)

(short-term
provisional
reference)

(acute GV)

(長期曝露
を想定)

参照: Guidelines for drinking-water quality: Fourth edition 
incorporating the first and second addenda

(短期曝露
を想定)



1. シアノトキシンの分析について
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話題提供

2. シアノトキシンの安定性について



シアノトキシン分析方法

EPA EU

MC ○ ○

CYN ○ ○

ATX-a ○ ○

STX ○

前処理 溶媒抽
出-SPE

凍結再
融解

凍結再
融解

溶媒抽
出-SPE

溶媒抽
出-SPE

溶媒抽
出-SPE

溶媒抽
出-SPE

内部標準
物質

C2D5-
MC-LR

Uracil-
d4

L-Phe-
ds

L-Phe-
ds

分析法 LC-
MS/MS, 

LC-
MS/MS

LC-
MS/MS

LC-
MS/MS

LC-
MS/MS

LC-
MS/MS

LC-
MS/MS

カラム C8 T3 T3 C18 C18 C18 C18
Ion pair

C8: Phenomenex,An LC C8 column
T3: Waters Xslect HSS T3

EPA544 EPA545 EPA545参照： Handbook of Cyanobacterial Monitoring
And Cyanotoxin Analysis 2017
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シアノトキシン分析方法

ISO NIES NIES

MC ○ ○ ○

CYN X ○ ○

ATX-a X ○ ○

STX X X ○

前処理 凍結再融解 凍結再融解 凍結再融解

内部標準物質 15N 15N, 13C 15N, 13C

分析法 LC-MS/MS, LC-MS/MS LC-MS/MS

カラム C18 ADME HILIC

ISO22104
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シアノトキシン分析方法
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ポイント：ガイドライン値の対象がMC-LRからTotal MCsに変更

Total MCsの測定： MCsの共通骨格Addaに着目した測定方法を構築

US EPA Method 546：ELISA法による測定

田中ら、2013:LC-MS/MS によるTotal MCsの迅速分析法
（Adda残基の2-Methyl-3-methoxy-4-phenylbutyricacid(MMPB)）

参照： USEPA, Method 544, 2015, USEPA, Method 546, 2016, Matsuki et al., Journal of Water and Environment Technology, Vol.20(6), 
田中ら, 全国環境研会誌, 38(3), 2013. 

個別物質の測定(LC-MS/MS)

US EPA Method 544：MC-LA, MC-LF, MC-LR, MC-LY, MC-RR, MC-YR

Matsuki et al., 2022 :MC-LR, MC-YR, MC-RR
（CYN, ATXも同時測定可能）
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シアノトキシン分析の試み＠国立環境研究所

5%となるように酢酸を添加

サロゲート物質を添加

実試料 (凍結保存)：1mL使用

凍結：-20℃で1時間程度

融解：超音波（室温、10分間）

凍結融解を2回実施

フィルターろ過

LC-MS/MSで一斉分析
（今回は、MC、CYL、ATN)

サンプル

湖沼：２本
浄水：１本
（チオ硫酸ナトリウム添加）

サロゲート物質は検出

MC、CYL、ATNは今回は非検出

別途調製したアオコ試料からは
MC、 CYLが検出

融解：超音波（室温、10分間）
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シアノトキシン分析の試み＠国立保健医療科学院

LC-MS/MSで一斉分析を実施：MC3種、CYL2種、ATX1種

使用機器： 3200 QTRAP LC-MS/MS System (Sciex)

Microcystis-LR

Microcystis-RR

Microcystis-YR

7-Deoxy-Cylindrospermopsin

Cylindrospermopsin

Anatoxin

ガイドライン値

1 μg/L
1 μg/L
1 μg/L

0.7 μg/L
0.7 μg/L
3 μg/L

定量下限値

0.1 μg/L
0.1 μg/L
0.1 μg/L

0.1 μg/L

0.1 μg/L
0.1 μg/L
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浄水場原水試料 19試料(2022年10月採水）

湖沼アオコ試料 1試料(2023年8月採水）

河川付着物試料 1試料(2023年7月採取）

測定に用いた試料

単離株 24株（下記に詳細）

NIES関係 7株

科学院保有株 17株

(Microcystis属, Aphanizomenon属, Raphidopsis属)

(Dolichospermum属, Aphanizomenon属, Microcoleus属)

シアノトキシン分析の試み＠国立保健医療科学院
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単離株 24株

NIES関係 7株(全て検出）

科学院保有株 17株（検出なし)

Microcystis aeruginosa(4株)：MC-RR(4), MC-LR(3), MC-YR(1)

Aphanizomenon sp.(2株)：Anatoxin(2)

Raphidopsis raciborskii(1株)：7-Deoxy-Cylindrospermopsin(1),
Cylindrospermopsin(1)

ポイント：サロゲート物質の重要性

安定同位体が含有しているサロゲート物質により、各シアノトキシンのピーク位置を
正確に把握可能→今回の試料で非常に近い位置でピークが確認されたが、測定対象
の物質ではないことが判明（サロゲート物質が有用）

シアノトキシン分析の試み＠国立保健医療科学院

浄水場原水試料 19試料中1試料からMC-RRが検出

湖沼アオコ試料 不検出

河川付着物試料 不検出

測定結果



1. シアノトキシンの分析について
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話題提供

2. シアノトキシンの安定性について



シアノトキシンの安定性
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Microcystin（MC)

・太陽光に対してゆっくりとした光化学分解と異性化しか起こさない
→フィコビリタンパク質が存在すると、反応速度が向上する

（ 90％以上分解するのに最短で2週間、最長で6週間）

・非常に安定性が高い化学物質
（室温で保存しても何年も維持）

・比較的存在量が高いもの：MC-LA, MC-LR, MC-LF, MC-LY, 
MC-RR, MC-HtyR, MC-YR, MC-WR

参照: Toxic cyanobacteria in water second edition
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Cylindrospermopsin（CYN)

・明暗の両条件でも安定して存在
（細胞色素が存在すると、90％以上分解するのに23日）

・安定性が高い化学物質
（例：50℃以上、アルカリ条件下でゆっくり分解）

参照: Toxic cyanobacteria in water second edition

シアノトキシンの安定性

化合物名 組成式 平均分子量(g/mol)
Cylindrospermopsin C15H21N5O7S 415.428
7-Epi-cylindrospermopsin C15H21N5O7S 415.428
7-Deoxy-cylindrospermopsin C15H21N5O6S 399.429
7-Deoxy-desulpho-cylindrospermopsin C15H21N5O3 319.366
7-Deoxy-desulpho-12-acetylcylindrospermopsin C15H23N5O4 361.404
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Anatoxin（ATX)

・pHが低いほど安定（pH2~3では安定）

・太陽光によって急速に分解
→pH6以上では光分解により、半減期は1.6~11.5時間

（暗所でpH9では、半減期は4-10日）

72 Toxic Cyanobacteria in Water

2.3  ANATOXIN-A AND ANALOGUES

Emanuela Testai

Anatoxin-a (ATX) was isolated from strains of Dolichospermum (Anabaena) 
flosaquae originating from Canada (Carmichael et al., 1975). At the time, sev-
eral types of toxins (anatoxins a-d) were suspected (Carmichael & Gorham, 
1978), of which, however, only one eventually led to the elucidation of the 
absolute structure (Devlin et al., 1977) for which the suffix “-a” was kept.

Besides ATX, the following also includes information on its variant 
homoanatoxin-a (HTX), where available. The genetics and biosynthesis of 
ATX and other neurotoxic substances with a high structural variability pro-
duced by some marine cyanobacteria (Aráoz et al., 2010) have been reviewed 
by Pearson et al. (2016) and Bruno et al. (2017).

2.3.1  Chemical structures

Anatoxins are secondary amine alkaloids (Devlin et al., 1977; Figure 2.3a). 
The first synthesis of ATX yielded a racemic mixture of stereoisomers 
with optically positive and negative activity (Campbell et al., 1979). 
Homoanatoxin-a is a structural variant (differing from ATX by an 
 ethyl-group at the carbonyl-C; Figure 2.3b). It was first synthesised by 
Wonnacott et al. (1992) just before Skulberg et al. (1992) isolated it from 
a sample of Kamptonema (Oscillatoria) formosum. Due to its structural 
similarity to ATX, HTX is most probably produced by the same biosyn-
thetic pathway, with the additional carbon deriving from L-methionine via 
S-adenosyl-methionine (Namikoshi et al., 2004).

Further natural analogues of ATX are dihydroATX (dhATX; Figure 2.3c) 
and dihydroHTX reduced on C7 and C8, respectively (Smith & Lewis, 1987; 
Wonnacott et al., 1991).

(a) (c)(b)
N
HH

O

N
HH

O

N
H

O

Figure 2.3 Che mical structure of anatoxin-a (a), homoanatoxin (b) and dihydroana-
toxin-a (c). Anatoxin-a: molecular mass (monoisotopic): 165.115 Da; molec-
ular weight (average): 165.237 g/mol. Homoanatoxin-a: molecular mass 
(monoisotopic) 179.131 Da; molecular weight (average): 179.264 g/mol. 
Dihydroanatoxin-a: molecular mass (monoisotopic) 167.131 Da; molecular 
weight (average): 167.252 g/mol.

(a) anatoxin-a, (b) homoanatoxin, (c) dihydroanatoxin-a

参照: Toxic cyanobacteria in water second edition

シアノトキシンの安定性
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Saxitoxin（STX)

・半減期は1~10週間で、
90%以上分解には
３ヶ月以上

・暗所、室温でゆっくり
加水分解する

・表層水中で、1~2ヶ月
残留したケースあり

参照: Toxic cyanobacteria in water second edition

シアノトキシンの安定性
2 The cyanotoxins 95
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Figure 2.4 S tructure of saxitoxin (a) and general structure of saxitoxins (STX) and gony-
autoxins (GTX) (b). R4-1: carbamate toxins, including STX and neo-saxitoxin; 
R4-2: N-sulphocarbamoyl (or sulphamate) toxins, including GTX5 and GTX6; 
R4-3 decarbamoyl toxins, including dcSTX; R4-4: deoxydecarbamoyl toxins, 
including deoxydecarbamoyl-STX. For R1, R2 and R3 in particular variants, 
see Table 2.8.

2.4.2  Toxicity: mode of action

The toxic effects of saxitoxin (STX), summarised in the following, are 
described in detail in the WHO Background Document on Saxitoxins (WHO, 
2020; see there for further information and references). The great major-
ity of reported clinical, epidemiological and toxicological data about STXs 
have been obtained from cases of poisoning following the consumption of 
shellfish which accumulate STXs produced by marine dinoflagellates; how-
ever, since the chemical structure is the same as that of the STXs produced 
by cyanobacteria, the toxicological profile is identical. Saxitoxins are read-
ily absorbed by the gastrointestinal tract, rapidly distributed to a range of 
tissues, including the central nervous system, and undergo rapid excretion 
mainly in the urine as glucuronides, thus suggesting glucuronidation as a 
possible detoxication metabolic pathway in animals and humans.

The mechanism of action of STXs is based on Na-channel blocking in 
neuronal cells and on Ca++ and K+ channel blocking in cardiac cells. This 
action prevents the propagation of electrical transmission within the periph-
eral nerves and skeletal or cardiac muscles. It leads to typical neurologic 
symptoms such as nervousness, twitching, ataxia, convulsions and muscle 
and respiratory paralysis, and at a lethal dose, death in animal experiments 
has been observed within a few minutes; for humans, death through respi-
ratory paralysis has been reported after 2–24 h (FAO, 2004). Depending 
on the variants, STX toxicity in mice can differ considerably. Carbamate 
toxins are by far the more toxic and the lack of the carbamoyl group side 
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ily absorbed by the gastrointestinal tract, rapidly distributed to a range of 
tissues, including the central nervous system, and undergo rapid excretion 
mainly in the urine as glucuronides, thus suggesting glucuronidation as a 
possible detoxication metabolic pathway in animals and humans.

The mechanism of action of STXs is based on Na-channel blocking in 
neuronal cells and on Ca++ and K+ channel blocking in cardiac cells. This 
action prevents the propagation of electrical transmission within the periph-
eral nerves and skeletal or cardiac muscles. It leads to typical neurologic 
symptoms such as nervousness, twitching, ataxia, convulsions and muscle 
and respiratory paralysis, and at a lethal dose, death in animal experiments 
has been observed within a few minutes; for humans, death through respi-
ratory paralysis has been reported after 2–24 h (FAO, 2004). Depending 
on the variants, STX toxicity in mice can differ considerably. Carbamate 
toxins are by far the more toxic and the lack of the carbamoyl group side 

R1 R2 R3 相対毒性

Carbmate toxins(R4-1)
STX H H H 1
neo STX OH H H 0.93
GTX1 OH H OSO3

- 0.99
GTX2 H H OSO3

- 0.41
GTX3 H OSO3

- H 0.90
GTX4 OH OSO3

- H 0.73
Sulphamate toxins(R4-2)
GTX5 H H H 0.15
GTX6 OH H H 0.07
C1 H H OSO3

- 0.01
C2 H OSO3

- H 0.17
C3 OH H OSO3

- 0.01
C4 OH OSO3

- H 0.06
Decarbamoyl toxins(R4-3)
dcSTX H H H 0.51
dcneoSTX OH H H n.a.
dcGTX1 OH H OSO3

- n.a.
dcGTX2 H H OSO3

- 0.65
dcGTX3 H OSO3

- H 0.75
dcGTX4 OH OSO3

- H 0.49

R4-4:Deoxydecarbamoyl toxinsGTX:Gonyautoxin



シアノトキシンの酸化処理による
分解効果
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in the formation of toxic chlorinated MC DBPs.79 The kapp
value for chlorination of MC-LR was determined to be 60 M−1

s−1 (21 °C, pH 7.5). The chlorination rate constants for MC
congeners follows the order of MC-WR > MC-LW ≫ MC-YR
> MC-LY > MC-LR ∼ MC-RR.80 When the initial
environmental concentration of MC-LR is at a more typical
concentration (5 μg/L) in surface water, 2 mg/L chlorine can
degrade MC-LR to <1 μg/L, with HOCl being the main active
oxidant species.81 The chlorination rate constants of CYN
(1265 M−1 s−1), ANTX-a (0.71 M−1 s−1), and MC-LR (91.5
M−1 s−1) were determined and compared with the reactivity
order: CYN > MC-LR ≫ ANTX-a.65 In source waters,
chlorination can decrease the concentration of MCs and NOD,

but the removal efficiency significantly correlates with the
water matrix, the dose of the free chlorine, and the pH.82
During the chlorination of algal toxins, pH impacts not only
the distribution of HOCl/OCl− reactive species but also the
algal toxin structures, e.g., whether particular amino acid
moieties will be protonated or deprotonated, which can greatly
affect their reaction rates and products formed. The reactions
of chlorine with algal toxins are influenced by a complex
interplay between the species of chlorine present, the structure
of the algal toxin, and the degree of dissociation of the
functional groups in the algal toxin.83
Permanganate exhibits a reactivity comparable to most MCs

compared to free chlorine. The orders of kapp for different
species are determined as follows: MC-RR > MC-LR > MC-
YR > MC-LW > MC-LF > MC-LA.65,66,73−75 Like most mild
oxidants, permanganate oxidation of MC-LR is positively
impacted by the initial permanganate concentration and the
temperature.81 Permanganate may be a possible method for
removing algal toxins with low oxidant demand, but it should
be dosed before the sedimentation process to avoid manganese
concentration exceeding water quality standards in drinking
water (see below for a discussion of potential concerns with
this method).
HO• can nonselectively attack nonbiodegradable organic

pollutants with varying chemical compositions, which can be
formed in the UV/H2O2 process. As for the reactions of algal
toxins with HO•, all of the determined kapp values were quite
similar to one another (i.e., 0.5−1.4 × 1010 M−1 s−1),
indicating rapid and nonselective reactivity of HO•.66,71,72,76
However, the practical applications of UV/H2O2 treatment to
transform algal toxins in drinking water treatment is limited.
The rapid and nonspecific reactivity of HO• means that it is
more susceptible to matrix interferences due to scavenging,
which may limit the practical deployment of HO•-based
oxidation.
Overall, ozone and HO• can degrade algal toxins effectively

at environmental levels and more efficiently than chlorine,

Figure 3. Comparison of second-order rate constants (kapp, M−1 s−1)
for reactions of representative algal toxins by with HOCl,64−67

NH2Cl,64,65 ClO2,68−70 O3,66,71,72 MnO4
− ,65,66,73−75 and

HO•66,71,72,76 (pH 7.5 for HOCl; pH 7.0−8.0 for other oxidants).

Figure 4. Transformation pathways of the Adda group of Microcystin-LR (MC-LR) with chlorine,45 ozone,86 UV/Cl2,91 UV/S2O8
2−,92 and

MnO4
−.73

Environmental Science & Technology pubs.acs.org/est Critical Review

https://doi.org/10.1021/acs.est.3c01912
Environ. Sci. Technol. 2023, 57, 12944−12957

12948

分解速度 速い遅い

参照：Dong H et al.: Environ. Sci. Technol.  57, 12944−12957, 2023. 

非公表



塩素処理によるMicrocystinの
予想分解経路
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and the long-term exposure risk of TPs are necessary. There is
still a need to understand the overall toxicity of TPs using
various toxicity testing methods, especially for chlorinated
mixtures. Given that chlorinated DBPs have been linked to
bladder cancer, birth defects, and miscarriage,111 the formation
of known DBPs during chlorination of algal toxins highlights
the potential for toxicity variation of these toxins.112,113
4.4. Formation of Known DBPs. Oxidation of algae-laden

water releases intracellular algal organic matter (AOM) into
the water as a result of oxidant-induced cell lysis.114 AOM is
composed of protein, carbohydrate, lipid, and nucleic acid
structures, and its hydrophilic fraction is resistant to removal
through coagulation-sedimentation-filtration processes.115,116
Due to the differences in the elemental composition,
hydrophilicity, and structure of AOM and natural organic
matter (NOM), the type and concentration of DBPs produced
by the chlorination of AOM are different from those of
NOM.116 Liu et al. compared DBP formation from AOM and
NOM and found that algae-laden waters formed less known
DBPs (e.g., trihalomethanes (THMs), haloacetonitriles
(HANs), and haloacetic acids (HAAs)) than NOM under
practical treatment conditions.80 However, chlorination of
MCs was found to enhance their cytotoxicity and genotoxicity,
indicating the formation of highly toxic algal-derived DBPs.
As mentioned earlier, chlorine is an effective oxidant in

transforming MCs into various microcystin-based DBPs.87,117
Five DBPs (i .e. , C49H76N10O14, C49H77N10O15Cl,
C34H54N10O12, C49H75N10O13Cl, and C49H76N10O14Cl2) were

identified during chlorination of MC-LR.85 Chu et al.
investigated the formation of known carbonaceous-DBPs (C-
DBPs) and nitrogenous-DBPs (N-DBPs) during the chlorina-
tion of MC-LR and found that chlorination of MC-LR resulted
in higher yields of chloroform (TCM) compared to the
chlorination of free amino acids. Additionally, dichloroacetoni-
trile (DCAN) and chloral hydrate (CH) were detected during
the chlorination of MC-LR.118 TCM, carbon tetrachloride,
trichloroethane, tetrachloroethylene, trichloroacetone, and
trichloroacetonitrile (TCAN) formed at levels of 7.6, 0.01,
0.4, 1.3, 3.7, and 0.1 μg/L, respectively, following chlorination
of MC-LR ([MC-LR] = 20 μg/L, [Cl2] = 3 mg/L, 24 h).45
During the chlorination, the yield of TCM from MC-LR was
relatively higher (0.9%) than other TCM precursors (e.g.,
amino acids and pharmaceuticals typically <0.5%), which is
attributed to the Adda and Mdha moieties.118 Meanwhile,
tribromoacetaldehyde could form in the presence of bromide,
which may be an emerging water quality concern. These results
indicate that MCs are important C-DBP and N-DBP
precursors during chlorination, which may change the toxicity
drivers from algal toxins to halogenated DBPs.
Putative formation pathways of C-DBPs (universal for-

mation pathway) and N-DBPs in the chlorination of MC-LR
are proposed in Figure 7a. It begins with oxidant attack on the
conjugated double bond of Adda, leading to the formation of
monochloro-hydroxy-microcystin and then dihydroxy-micro-
cystin (Figure 4). The unsaturated bonds in the Adda may add
HOCl, forming monochloro-hydroxy-microcystin and dihy-

Figure 7. Proposed formation pathways of known C-DBPs and N-DBPs during chlorination of MC-LR (a)118,119 and BMAA (b).62

Environmental Science & Technology pubs.acs.org/est Critical Review

https://doi.org/10.1021/acs.est.3c01912
Environ. Sci. Technol. 2023, 57, 12944−12957

12952

ジクロロアセトニトリル

トリクロロアセトニトリル
クロロホルム

・MC-LRは、塩素処理のみの場合、処理前後で細胞毒性に
変化があまりない（CYNとSTXは塩素処理により毒性が減少）

塩素処理によるMC-LRの予想分解経路

他に抱水クロラールの生成も確認されている
参照：Dong H et al.: Environ. Sci. Technol.  57, 12944−12957, 2023. 

非公表
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